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Abstract’

Wc report on tests of a frequency-stable temperature
compensated sapphire oscillator (CSO) at temperatures
above 77 K[1]. Previously, high stability in sapphire
oscillators had only been obtained with liquid helium
cooling. Recent improvements include a more.careful
anaysis of the ac frequency- -lock “Pound” circuitry that
now enables the oscillator to reliably attain a stability 6
million times better than its fractional resonator
linewidth. The frequency stability of the current
rc.senator with a quality factor of Q=2x10%i's
approximately the same as for the very best available.
quarlz oscillators. The apparent CSO flicker floor is
7.5%10°" for measuring timesbetween3 and 1 0
scconds, with stability better than 2x10"for all
measuring times between 1 and 100 scconds,  We
projecta stability of 2x10-]4 for a resonator Q of 107, a
value about one. thirdof the intrinsic sapphirc Qatthis
lemperature.

Intioduction

Newly developed atomic and ionic frequency standards
are presently limited in performance by avail ablelocal
oscillators. Sequentially-intc.rrogatcd passive. standards,
which include mercury ion traps and cesiumn fountains,
rely on an ancillary local oscillator (1,.0.) which is
periodically corrected by the atomic interrogation
process{ 2,3). In order for tbc standards to achicve their
potential performance, a local oscillator with stability of
afew times 10" is required.

Up to now, 1..0. requirecments for passive frequency
sources such as cesium and rubidium standards were
easily mct by available quartz oscillators. The general
characteristics of quartz oscillators arc an excellent match
to 1,.0. requirements: They arc relatively incxpensive
and show their best stability for mecasuring times
appr oximalcly cqual to the required inters ogation time.s.
However, even thc best “super-quartz,” oscillators with
stability of approximately 1X10“'3 do not meet 1,.0.
requirements for the ncw standards.

* This work was sponsored by and carried outin part at Jet
Propulsionl.aboralory, California Institute of Technology, under a
contract with the National Acronautics and Space Administration,

Active hydrogen masers and supcrconducting or sapphire
oscillators cooled by liquid helium[4-6] do achicve the
desired performance, but arc roughly as expensive as the
standards the.rnscivcs. While such a combined standard
may be very attractive when the ultimate in performance
is nceded, the expense is prohibitive for most
applications.

A sapphire oscillator cooled by liquid nitrogen (1.Ny)
could be asimpler and less expensive solution. The
available quality factors (Q's) for whispering gallery
sapphire resonators a temperatures above the 77K
boiling temperature of LN, arc in fact high enough to
alow the required performance. However, thermaily
induce.d variations of the dielectric constant arc not
frozen out at 77K as they arc atl.He temperatures, and
prevent high stability from being attained.

We have developed @ compensated sapphire  resonator
that reduces the effects of thermal fluctuations. This
resonator incorporates a mechanical compensation
process driven by the difference incexpansion coefficients
for the component materials (copper and sapphire).
Previously reported stability of 2-4X10°[3[7] for the
compensated sapphire oscillator (C:SO) based on this
resonator is now substantialy improved, achieving a
flicker floor of 7. SX10".

Mcthodology

A detailed description and analysis of tire operation of
the compensated sapphire resonator has been given
clsewhere] 1 ,7,8]. This approach was anticipated by
"I'sarapkin, ct al[9] in aroom-temperature resonator with
low phase noise. Our previous work analyzes a tuncable
resonator constructed with a gap between two sapphire
parts.

The analysis shows that, for the WGH,,, mode family,
the sensitivity of resonator frequency to gap spacing is
sufficient to compensate the inherent thermal frequency
variation in the sapphire resonator at temperatures above
77K if the parts arc separated by a material such as
copper, which has a coefficient of expansion somewhat
greater than that of sapphire. However, the sapphire
must be made substantially reentrant, so that the
c. ffective length of tile copper spacer can be largerthan
the gap separating the sapphire parts. When these



conditions arc met, the difference between thermal
expansion cocfficients of copper and sapphire adjusts the
gap between two sapphire. parts and cancels frequency
variation duc to thermal expansion in the sapphire and,
more importantly, that duc 10 tcmpcraturc-induced
variation in sapphire’ s dielectric constant.

The sapphire-copper composite structure is shown in
Figure 1. increasing temperature, which would tend to
decrease resonant frequency, causes the length of the
central copper post toincrease, thus separating the
sapphire elements, increasing the gap and thereby raising
the resonant frequency. At a certain operating
temperat urc these effects completely cancel, and therefore
compensate the rc.senator frequency against the effects of
temperature variation. In our tests, tbc WGHy,, mode at
7.2.3 GHzisexcited, and shows a frequency turn-over
temperature of 87 K in agreement with finite element
calculations{10Q].
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Figure 1. Compensated sapphire resonator with fre-
quency turm-over temperature of ~87K. Expansion of
the copper center post with increasing temperature in-
creases the gap spacing between the sapphite elements,
counteracting an increase in dielectric constant in the
sapphire. Stainless steel thermal isolation assembly
reduces the effect of 1.N2 temperature fluctuations.

Thermal integrity of the sapphire-copper-sapphire
rc.senator part is crucial to its frequency stability. The
copper and sapphire clements arc bonded using pure
iridium solder and an evaporated gold coating on the
sapphire joint surface. This, together with the very high
thermal conductivity of both sapphire and copper at1.N,
temperatures, enables a low thermal time constant. The
much longer time constants for the sapphire-can
mounting and the can-nitrogen bath attachment allow
excellent short-term temperature control of the
copper/sapphire resonating clement and very low thermal
gradients.

The internal thermal time constants for the composite
resonator arc < S sceorrds, alowing effective operation
of the compensation mechanism. Thermaltime con-
stants of 300 seconds and 1 SO0 seconds isolate. the
sapphire element from the can, and nitrogen bath,

respectively.

‘The design of the can thermal isolation, as shown by the
stainless steel parts identified in Figure 1, is re-entrant
to minimally effect the resonator’'s placement in the
cryostat. The origina bottom plate with the copper
center that sitsin the 1.N, bath is spaced approximately
8 mm from the copper can, but the thermal path length
is approximately 6.5 cm. The thermal isolation stage is
composed of a stainless steel ‘deep dish’ in which a
copper cylinder is attached. On top of the copper
cylinder is a stainless steel plate which only makes
contact to thc copper can with a -0,5 cm width ring at
its outer radius. The copper cylinder has thermistors and
a beater element which alow the. temperature of the
stage to be controlled.

The relatively conventional frequency lock circuitry is
shown in Figure 2. A Pound circuit locks the 100 MHz
crystal quartz. VCO to the sapphire. resonator. Karlier
versions used a 50-200 kHz modulation frequency
injected into the VCOinput. However, sufficient loop
gain could not be attained without instabilities to
effectively eliminate VCO frequency fluctuations.
Therefore wc modified the x72 multiplier to alow
injection of a higher 2 MHz modulation frequency into
its I.-band internal power oscillator. The allowed
increase in loop gain in the frequency lock circuitry
greatly improved short-term stability performance.
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Figure 2. Pound (frequency lock) circuit with 2 MHz
modulation frequency. Not shown is frequency offset
circuitry associated with the x72 multiplier which
derives the exact resonator frequency of 7.226 GHz.

Because flicker noise in the rf system components is a
limiting factor in the system performance wc employ
the lowest noise components available. Additionally,
wc generally design for the shorlest microwave path
lengths possible.

Experimental

A number of significant sources of frequency instability
were uncovered during the development process. Many
of these were previously addressed [7), and




improvements and modifications were made to provide
the May 1995 performance indicated in Figure 3.”
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Figure 3. Allan Deviation of CSO frequency  stability

By monitoring various temperatures in the system, wc
found that tbc sapphire temperature followed the outer
can as well as snowing its own temperature fluctuations,
This indicated a thermal ‘leak’ in the resonator. The
thermal path was a combination of a small vacuum leak
and thermal radiation. Scaling the leak and adding
radiation shielding significantly improved shortterm
stability as scen in the curve labelled current
performance.

An additional concern is vibration sensitivity because
of the multiple element structure of the resonator. N O
quantitative testing has been pet-for-med to determine
vibration sensitivity, but during initial tests the. system
was subjected (0 deliberate mechanical impul ses.
Several mecchanical resonances were observed in the.
range 1 kllz < f <10 kHzwith ringing times of a few
tenths of a second. Such resonances arc unlikely to
degrade frequency stability performance. in afrequency-
locked condition, the apparent sensitivity of the
resonator cryostat to applied vibration and shaking was
less than [hat of the associated mmicrowave components
or of the 100 MHz. crystal quartz oscillator.

It was then appropriate to demonstrate the CSO’s
intended use and capability as a 1..O.for a passive ionic
standard. A combined ultra-stable microwave signal was
gencrated from the CSO and Lincar Ion Trap Standard
(,'r9g[ 11].  I'resent performance of the LITS, which
serves as a long term standard, is 6.4x10-'4/tau!? The
1.1'1'S, using a super-quarlz oscillator with approximately
1X10-13 stability as the 1..0. in a conventional control
loop, obtains a stability of 1.0x10 *at 1000 seconds
measurement time. This closed loop performance can be
improved with better software techniques as well as by
improving the 1..0.

Frequency corrections were applied to the CSO using a

Time to Analog Converter (TAC) unit which was
developed to control quartz oscillator 1..0.’s for the
trapped ion standards[12]). A large frequency drift in the
CSO was easily corrected with the TAC but can be a
drawback for long-term operation. Frequency control
software.hasbcen improved from single loop feedback to
multi-loop control in order to remove slow drift in
parameters while locking the 1,.0. closer to the true
performance of 1.1TS. This new software is much more
aggressive in controlling the 1..0. than the typical 1-2-1
sequential loop[ 1 1.

Preliminary stability measurements with the CSO
serving as 1..0. for the L.ITS show a stability of
2x10-3/tau'?. The usc of improved control software
resulted in significantly increased stability for medium
term (100 -1000 sccond) measuring times. The 6x10-!5
stability at 1000 scconds isnearly afactor of two better
than a standard configuration of VCO/LITS. As the
(SO continues to improve its stability toward 2,x10-r4,
this exercise demonstrates a first step in developing a
frequency source that realizes the full stability 1,1'1'Sion
standard in a compact package.

Analysis

Several additional improvements have been identified as
nceessary to achicve the desired oscillator stability. The
resonator’s thermal environment is currently free
running and not actively controlled. Addition of
feedback control electronicsto the heater elements of the.
system with be tter than milliK clvin tempetature
resolution is required for the desired ultra-stable
performance.

A very large sensitivity of the flicker floor to the
adjustment of the Phase Shifier identified in Figure 2
helped to identify a “false signal” in the Pound loop and
a solution to the. problem that this represents. It was
found that the phase. shifter was adjusted to be even a
few degrees from the peak of the response curve atthe
mixer Output the performance was substantially
degraded. Furthcrmore, ultimate performance was found
to be very sensitive to the length of the Cryogenic
Coaxial Line. These effects have been identified as due
to a 2 MHz signal at the output of the AM Detector
which is phase shifted by exactly 90 degrecs from the
true Pound signal, and which is periodically dcpendent
on the length of the coaxia line.

Analysis shows that such a false signa can be cxpected
duc to transmission line mismatches, and experiment
shows that adjusting the line length to minimize the
false signal gives the best possible stability. While to
first order the Pound methodology eliminate.s any depen-
dence of oscillation frequency on coaxia line length, the
false signal represents a breakdown of the method,
being a signal that is not immune from changes in line
length. The exact 90 degree phasc shift is due. to the




very high Q of the resonant mode.. The results indicate
that caution must be observed with regard to possible
sapphire modes with moderate to high Q’s which have
frequencies near the modulation sidebands. This
problem is compounded by the fact that very many
lower Q modes in the whispering gallery resonator arc
coupled to the output as strongly as the desire.d mode.

Icaturcs of the achieved stability arc a flicker floor of
7.5%x10™" and a large frequency drift of approximately
1.5%1 O*/day. A significant improvement in stability is
expected with mcrca@cd resonator Q. The prescntly
observed Q=2x 10° is very much lower than the intrinsic
value of 30 million for sapphire at 77K, and is also
below tbc value of 20 million wc observed for other,
uncompensated, modes in the same resonator. W c
believe the low compensated Q is duc to poor surface
cleanliness of the sapphire ¢lements, most likely in the
tuning gap where rf electric fields arc large. A redesign
ispresently underway to reduce surface contamination of
the tuning gap, where resonant clectric fields arc large.
Woc project a stability of 5X10“4 or better with the
improved design. and calculate a noise-l imitc.d frequency
stability of 1 -2x10*’4 for a resonator with Q ="10. The
large driftrate is likely duc to relaxation of the soft
metal bond in the composite sapphire./copper rc.senator
clement. This is being addressed by an improved
fabrication technique. Based on this achicved and
projected performance, the CSO approach promises to
meet ncw passive standard 1..O. requircments in a corn-
pact and incxpensive 1 yo.genie package.

Conclusion

We have demonstrated a ncw ultra-stable oscillator
capability which promisesto enable improvements on
the best quartz technology in a small and inexpensive
cryogenic package. Projected performance is well
matched to the requirements of new passive atomic
standards. With a 20x performance improvement over
the past 18 months, continuing improvements can bc
cxpcucd Present stability ranges from 7.5x10 -
2x10™"? for measuring times between 1 and 100 scconds
Wc project a stability of 5X10"'‘or better with a
resonator designed for improved Q. Preliminary tests in
combination with tbc 1.1'1'S have demonstrated the
CSO’s capacity to operate as a local oscillator for a
passive ionic standard.
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